Abstract-We present an analysis aimed at evaluating the effect of the presence of the tower on the measurement of the grounding impedance. The Numerical Electromagnetics Code NEC-4 is used for the full-wave modeling of the structure including the tower and its footing grounding system, as well as the experimental setup used for the measurement of the grounding impedance. First, the effect of possible path-dependence in the evaluation of the integral of the electric field is investigated. It is shown that, up to a frequency of about 100 kHz or so, the voltage, and consequently the evaluated impedance are independent of the path of integration. At higher frequencies, differences appear, which might be significant especially for poor conducting ground. The effect of the distance to the reference remote earth on the evaluated voltage is also analyzed and it is shown that a distance of 100 m to the remote earth is appropriate to evaluate the grounding impedance potential rise. The simulation results show that at low frequencies (up to about 200 kHz or so for the considered 140-m tall tower), the effect of the presence of the tower can be disregarded. At higher frequencies, the evaluated impedance is affected by the presence of the tower. The poorer the ground conductivity, the more significant the effect of the presence of the tower on the evaluated impedance. Two injected current waveforms, representative of typical first and subsequent return strokes, are considered for the time-domain analysis. The effect of the presence of the tower can be significant for subsequent return stroke excitation, which has a wider frequency spectrum compared to first return strokes. It is shown that in the early-time region, part of the injected current flows into the tower. For a ground conductivity of 0.001 S/m, the tower peak current increases to about 10% of the exciting current, for the case of a subsequent strokes. It is also shown that the presence of the tower would cause a decrease in the peak potential rise leading therefore to an underestimation of the so-called impulsive grounding impedance.
For a ground conductivity of 0.001 S/m, the tower peak current increases to about 10% of the exciting current, for the case of a subsequent strokes. It is also shown that the presence of the tower would cause a decrease in the peak potential rise leading therefore to an underestimation of the so-called impulsive grounding impedance.
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I. INTRODUCTION

W
IND is one of the most important sources of renewable energy. The amount of energy produced by wind turbines is constantly growing. The growth is provided by installing new units, often with greater power capacity obtained by making bigger wind turbines. Due to their height and sharp edges, wind turbines are very vulnerable to lightning [1] , [2] . Lightning discharges can cause severe damage to the structure itself and to related electric and electronic systems. Not only do tall structures attract downward discharges but also, more importantly, they initiate upward discharges [3] . The number of upward flashes initiated from a tall structure depends on a number of factors including the structure height and the local terrain elevation [4] .
Therefore, the appropriate design of the lightning protection system (LPS) of wind turbines is very important. The performance the LPS depends strongly on the quality of the grounding system, which is quantified through the evaluation of its grounding impedance [5] , [6] over the frequency range of interest, namely, from dc to a few MHz [7] . Nevertheless, the grounding system requires constant maintenance and inspection. During these inspections, the grounding impedance is measured in presence of the wind turbine and the question arises as to extent to which the measured impedance is affected by the presence of the turbine [8] , [9] .
The aim of this paper is to present an analysis aimed at evaluating the effect of the presence of the tower on the measurement of the grounding impedance. In the analysis, the effect of the experimental setup used for the measurement of the grounding impedance is taken into account. The study is based on fullwave numerical simulations carried out using the Numerical Electromagnetics Code NEC-4, which is based on the method of moments (MOM) solution to Maxwell's equations [10] .
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II. GEOMETRY OF THE PROBLEM
A. Grounding Impedance Measurement Circuit
The circuit for the measurement of the grounding impedance, for the fall-of-potential method as suggested in [11] , consists of a generator grounded at a remote point and injecting a continuous wave or a transient current to the grounding of the system under test [see Fig. 1(a) ]. The voltage caused by the current injection is measured using an insulated probe wire extended from the grounding system to a remote ground electrode. It is recommended [12] that the potential probe wire be much longer than the dimensions of the grounding system and with an angle of 90°with respect to the current injection path in order to reduce mutual coupling effects. The grounding impedance is obtained by the ratio of the measured voltage to the injected current. In the case of an impulse current injection, further signal processing is needed to infer the Fourier transforms of the time-domain waveforms. Fig. 1(b) shows the same measurement setup in presence of a tower (wind turbine). In this case, part of the high-frequency current injected by the source can flow into the tower.
B. Considered Configuration for the Analysis
The considered configuration for the analysis, which is aimed at reproducing the experimental setup for the measurement of the impedance of a grounding system, is schematically shown in Fig. 2 . The tower is represented by a vertical cylinder of radius a = 1.25 cm and height H = 140 m. The grounding of the tower is assumed to be a simple vertical rod of length L. However, the study can be easily extended to more complex Fig. 2 . Geometry of configuration used in numerical simulations. The injected current I is evaluated right before the junction to the structure. I 2 is the current injected into the ground, I 3 is the part of I that flows down, and I 4 is the part of I that flows up into the tower. Note that I 2 and I 3 are essentially identical up as long as h is electrically small. grounding grids. Analytical expressions and circuit models can be found in the literature (see [13] , [14] for towers or towerlike structures and [15] , [16] for vertical grounding rods). Two different rod lengths of 3 m and 30 m will be considered in the analysis, as well as different ground electrical conductivities. Note that the frequency dependence of the electrical parameters of the ground (see, e.g., [17] ) was not considered in this study. The considered height of the tower corresponds to a current typical wind turbine, such as the ones belonging to the Mont Crosin wind turbine park in Switzerland and reported in [8] .
The geometrical and electrical parameters of the considered configuration are summarized in Table I . The generator for the current injection is modeled by a voltage source in series with high impedance (1 MΩ).
III. COMPUTATIONAL MODEL
A. Frequency Domain
The calculations are carried out using the NEC-4 code, which is based on the thin wire approximation and the numerical solution of the Pocklington's integro-differential equation [18] by means of the MoM [10] .
The impedance of the input port at the point of the generator wire and tower junction in the frequency domain can be calculated as where I is the current injected by the generator evaluated just before the junction to the tower, and V R is the potential rise (voltage drop) of the grounding with respect to the remote earth, which can be evaluated as a line integral of the electric field
where the electric field is evaluated using NEC-4. NEC-4 is mainly designed for high-frequency antenna analysis and it breaks down at low frequencies (see, e.g., [19] ). To overcome this problem, the low-frequency impedance calculation is based on the transmission line theory using the following analytical expressions to calculate the per-unit-length parameters for a vertical grounding rod, [20] - [22] :
The low-frequency limit (typically about 10 kHz) is chosen in such a way that there is minimum discontinuity between the NEC-4 and transmission line (TL) theory results. The impedance is calculated at discrete frequencies with adaptive resolution (higher resolution was considered in areas of resonant frequencies).
B. Time Domain
In order to consider the influence of the injected current waveform on the impact of the presence of the tower, two waveforms corresponding to typical first and subsequent return strokes will be considered. The waveforms are represented using Heidler's function, defined as [23] 
where η can be calculated as
The parameters of the Heidler's functions for the two waveforms are the same used in [24] and they are given in Table II . Note that the sum of two Heidler's functions is used for the representation of the subsequent stroke. The early-time behavior of the two waveforms is shown in Fig. 3 .
The voltage of the source U(t) is determined in order to specify the injected current I(t) with either the first or the subsequent return stroke waveform defined by the Heidler's functions
in which Z tr (f ) is the transfer function between the voltage source and the injected current, calculated by applying a Dirac excitation current (1 A at every frequency through the 1-MV voltage source in series with 1-MΩ impedance). Inverse Fourier transforms are evaluated by way of the inverse FFT (IFFT) algorithm [25] . Simulated impedances are interpolated using the Spline algorithm [26] , to have uniform sampling in the frequency domain, to make them adequate for the IFFT algorithm.
IV. VOLTAGE PATH DEPENDENCE
Since we have a time-dependent magnetic flux, the electric field is not irrotational and, therefore, it is nonconservative [27] . As a result, the voltage (2) is path dependent [13] . Two different paths are considered for the electric field integration (see Fig. 4 ). The first one (S 1 in the figure) corresponds to the setup used for grounding impedance measurements, while the second one (where the horizontal part is integrated 5 cm below the ground surface) has been used in theoretical analyzes (see, e.g., [17] ). The distance d to the remote earth is assumed to be 100 m. The results are shown for conductivities σ = 0.01 S/m in Fig. 5 and σ = 0.001 S/m in Fig. 6 . Other adopted parameters are specified in Table I .
As expected, at low frequencies (up to a frequency of about 100 kHz), the voltage, and consequently the evaluated impedance are independent of the path of integration. At higher frequencies, differences appear, which might be significant, especially for a poorly conducting ground. Note that different approaches have been proposed to deal with the path-dependent voltage. For example, in [28] , the voltage is expressed in terms of an integral involving the current derivative and the corresponding Green's function. Another approach, proposed in [16] , uses a path-independent method to evaluate the grounding impedance.
In the analyses that follow, the voltage is evaluated integrating along the path above the ground since it better matches the setup used for the measurement of impedance of grounding systems.
Different remote earth distances were considered to confirm the convergence of the results. Results for the voltage are presented in Fig. 7 and for a subsequent stroke excitation. It can be seen from Fig. 7 that beyond a distance of 30 m, the results converge at all frequencies. In what follows, we will consider a distance to remote earth of 100 m.
V. TOWER EFFECTS: RESULTS AND ANALYSIS
A. Grounding Impedance
Figs. 8 and 9 present the grounding impedance evaluated with and without the tower for a 3-m long grounding rod, and considering two different ground conductivities (0.01 S/m in Fig. 8 and 0 .001 S/m in Fig. 9 ). As expected, at low frequencies up to about 300 kHz (for σ = 0.01 S/m) and 100 kHz (for σ = 0.001 S/m), the tower does not affect the evaluated grounding impedance. At higher frequencies, the evaluated grounding impedance is clearly contaminated by the presence of the tower, with the appearance of resonances that correspond to the multiples of the quarter-wavelength frequency. For the case of poor ground conductivity, the resonant frequency of the grounding rod at about 8 MHz is also clearly visible (see dashed line in Fig. 9 ). That resonant frequency corresponds to a wavelength equal to one-quarter of the rod's length.
Figs. 10 and 11 present similar results to Figs. 8 and 9, but considering a 30-m long grounding rod. Again, the effect of the presence of the tower results in the appearance of resonance frequencies, which are clearly discernible in the evaluated grounding impedance. At low frequencies up to 200 kHz or so, the effect of the presence of the tower can be disregarded. Note that the first resonant frequency depends on the tower height: for taller towers, it will occur at lower frequencies.
B. Current Distribution
Figs. 12 and 13 show, for the case of a subsequent stroke excitation, the magnitudes of the current delivered by the generator, the current injected into the grounding and the current into the tower as a function of frequency. Consistent with the results of the grounding impedance, it can be seen that at low frequencies, nearly all the current out of the generator is injected into the grounding, while practically no current circulates in the tower. At the tower resonant frequencies, its impedance has minimum value and, consequently, the tower current features local maxima. Comparing Figs. 12 and 13 , it can be observed that as the soil conductivity decreases, more current flows through the tower.
C. Time-Domain Voltage and Current Waveforms
Fig. 14 presents the resulting time-domain potential rise when applying a current typical of first return strokes, and considering two different values for the ground conductivity, 0.01 S/m and 0.001 S/m with and without the tower. It can be seen that the presence of the tower does not significantly affect the voltage waveform and amplitude, for a first-stroke excitation. Fig. 15 presents similar results associated with the injection of a current typical of subsequent return strokes. In this case, because of the current faster rise time, and thus, higher frequency content of its spectrum, the effect of the presence of the tower can be seen, especially for the poor ground conductivity. Indeed, for σ = 0.001 S/m in the presence of the tower, the peak potential rise is underestimated by about 15%. Figs. 16 and 17 represent the time-domain current waveforms for a subsequent return stroke excitation. It can be seen that in the early-time region, a fraction of the injected current flows into the tower (I 4 in Figs. 16 and 17 ; see also Fig. 2) . For a ground conductivity of 0.01 S/m, the peak of the tower current is about 4% of the exciting current peak. For a poorer ground (σ = 0.001 S/m), the tower peak current increases to about 10% of the exciting current. The results for the first stroke are not present since, similar to the voltage, the tower effects are negligible.
Furthermore, it should be noted that the frequency spectrum of subsequent strokes is not high enough to distinguish the effects of the grounding rod reflections in the time-domain waveforms.
The influence of the tower height on the evaluated potential rise is shown in Fig. 18 , in which the potential rise is presented considering three different tower heights (100, 140, and 180 m. The effect of the reflections from the tower top is clearly discernible in the waveforms. The first reflection is observed at a time corresponding to 2H/c, where c is the speed of light. For excitations with rise times faster than 2H/c, the resulting peak potential rise will be 1) smaller than that corresponding to the case where no tower is present, and 2) independent of the tower height.
The transient behavior of grounding systems is often characterized by the so-called impulsive grounding impedance, defined as the ratio of the peak potential rise to the peak current [29] . For the same injected current, the presence of the tower would cause a decrease in the peak potential rise (see Figs. 15 and  18) , leading, therefore, to an underestimation of the impulsive grounding impedance. For example, for a ground conductivity of 0.001 S/m, the estimated value for the impulsive grounding impedance in the case of a subsequent return stroke excitation would be 48 Ω in presence of a 140-m tall tower, instead of a value of 55 Ω for the grounding system alone.
VI. CONCLUSION
We presented an analysis aimed at evaluating the effect of the presence of the tower on the measurement of the grounding impedance. The study was carried out using full-wave numerical simulations obtained using the Numerical Electromagnetics Code NEC-4, which is based on the MOM. The effect of the experimental setup used for the measurement of the grounding impedance was taken into account in the analysis.
We investigated first the effect of possible path-dependence in the evaluation of the integral of the electric field. It was shown that, up to a frequency of about 100 kHz or so, the voltage and consequently the evaluated impedance are independent of the path of integration. At higher frequencies, differences appear, which might be significant especially for poorly conducting grounds.
We also analyzed the effect of the distance to the reference remote earth on the evaluated voltage and it was shown that a distance of 100 m to the remote earth is appropriate to evaluate the grounding impedance potential rise.
The simulation results have shown that at low frequencies (up to about 200 kHz or so for the considered 140-m tall tower), the effect of the presence of the tower can be disregarded. At higher frequencies, the evaluated impedance is affected by the presence of the tower. The poorer the ground conductivity, the more significant the effect of the presence of the tower on the evaluated impedance.
Two injected current waveforms, representative of typical first and subsequent return strokes, were considered for the time-domain analysis. The effect of the presence of the tower can be significant for subsequent return stroke excitation, which has a wider frequency spectrum compared to first return strokes. It was shown that in the early-time region, part of the injected current flows into the tower. For a ground conductivity of 0.01 S/m, the peak of the tower current is about 4% of the exciting current peak. For a poorer ground (σ = 0.001 S/m), the tower peak current increases to about 10% of the exciting current, for a subsequent return strokes.
It was also shown that the presence of the tower would cause a decrease in the peak potential rise, leading, therefore, to an underestimation of the impulsive grounding impedance.
